Diethyl(methyl)(isobutyl)phosphonium hexafluorophosphate, [PF 6 ][P 1,2,2,4 ], is an organic ionic plastic crystal with potential uses as a solid electrolyte in storage and light harvesting devices.
(123 K) experimental crystalline structure, which corresponds to the P bca space group with orthorhombic parameters a = 12.9833Å, b = 14.3871Å and c = 15.19944Å, and eight equivalent ion pairs in the unit cell [13] . All simulations were done under constant temperature and constant pressure conditions. The temperature was maintained at the reference value by the velocity rescaling algorithm [22] with a time constant of 0.5 ps. An anisotropic Parrinello-Rahman pressure coupling was imposed with a reference pressure of 1 atm, compressibility of 4.5 × 10 −5 bar −1 and time constant of 0.1 ps [23, 24] . The dynamic equations of motion were integrated with the leap-frog algorithm using a time step 0.0005
ps. This relatively small time step was necessary in order to warrant the stability of the simulations. The simulation box contains 64 unit cells, or 512 ion pairs, which include 19, 968 atoms. Tests with smaller system size produced excessive fluctuations and inconsistent behavior near the transition temperatures that were suppressed by using a simulation box with 512 ion pairs. It is important to note that finite size effects are important, and the results corresponding to 64 ion pairs are considerably different to the ones showed in this work.
A series of simulations were performed starting at 175 K from the perfect crystalline experimental structure. The temperature was then incremented by 25 K using as initial conformation the final structure (or a structure produced after 4 ns of simulation) of the system at the immediately lower temperature. This scheme was continued up to a final temperature of 500 K. When a qualitative change in the structure of the system was detected we performed extra simulations at intermediate temperatures. The total simulated time (t T ) is at least 6 ns for every case, with several temperatures reaching up to 22 ns. In general, simulations were continued until at least 4 ns of stabilized enthalpy and density were observed. Therefore, some simulations had to be extended for a considerable time due to an intrinsically slow kinetic behavior. For example, several intermediate temperatures were run for 20 ns to then discard the initial 10 ns since they show clear signs of drifting from the initial structure toward a different average state reached at the end of the simulation.
The higher temperatures were run for 22 ns in order to have a good evaluation of the diffusion coefficients of both ions, which are quite small around the melting temperature.
In order to limit the computational effort, we did not perform any free energy comparison to determine, from thermodynamic arguments, the relative phase stability. Although the thermodynamic analysis is very important, it is beyond the scope of this paper in which we take the simplified approach described above. In Table I we present a summary of all the simulations performed, along with the total simulated time t T and the time t P used to perform the analysis, discarding in all cases the t T − t P initial interval.
The interactions in the system were modeled using the CL&P generic force field for ionic liquids, developed by Canongia-Lopes and Pádua [14] [15] [16] [17] [18] . The CL&P force field is based on the OPLS-AA force field [19] , from which it borrows the functional forms for all interaction types and several of the binding and non-binding parameters. Exclusive to the CL&P are the partial charges associated to each atom. Using a MP2/cc-pVTZ(-f) ab-initio calculation as a reference to evaluate the electron density and corresponding electrostatic potential, the point charges for the model molecules are placed at each atom center and their value was determined by CHELPG methodology [25] . A downscaling of the ionic charges has been proposed by several authors to account for charge-transfer effects between the different ions [18, 26, 27] . In this work we initially study the system with no charge rescaling and every ion having a total charge of ±1. The results showed a shifted energy scale, in which all transition occurs at higher temperatures than the observed experimentally. A second series of simulations, which is presented here, were performed introducing a charge scaling factor α q = 0.8. This number was chosen based on typical scaling values in studies of ionic liquids [28] and was not fitted to reproduce the experimental findings. The results obtained with the charge rescaling are in much better agreement with the available experimental data than those obtained without rescaling.
The exact functional forms of the force field used, along with the set of parameters are provided in the Supporting Information. An spherical cutoff of 12Å was imposed to the short range electrostatic and Lennard-Jones interactions, and the long range electrostatic contributions were accounted for using the particle mesh Ewald method [29] .
III. RESULTS
In Figure 1 we show the molecular structure of [ In order to capture the enthalpy change we performed two fits of the H vs. T curve, the first for 175 K ≤ T ≤ 275 K and the second for 280 K ≤ T ≤ 475 K, using the fitting function
Both fits achieve a correlation coefficient better than 0.99999, and the fitting parameters are summarized in Table II . The inserts on Figure 4B show the enthalpy minus the leading terms from the fits, i.e. ∆H − (A 3 T A 5 + A 4 ). The transition temperatures are essentially the parameter A 1 from the enthalpy fits, i.e., 197 K and 333 K for the first and second transition, respectively. The calculated enthalpy changes are 5 kJ/mol and 7 kJ/mol for the first and second transition, respectively. Then we can estimate the corresponding entropy change for those transitions, resulting in 25 J/K and 21 J/K, respectively. These values are in line with typical values observed in transformations involving plastic phases in general [9] and for this system in particular [13] .
The molecular rotations are characterized using rotational self correlation functions
Here, δ refers either to i) a group of three atoms with C δ being the unit vector normal to the plane defined by those atoms or ii) a group of two atoms defining a chemical bond and in this case C δ is a unit vector along that bond. A unit vector rotating over the complete sphere will relax to zero in a characteristic time. However, if the rotation spans only a defined solid angle then C δ (t) will reach an asymptotic value larger than zero. For example, the self correlation function of a vector spinning on a right regular cone of aperture 2θ will relax to cos θ and not to zero as it would if the vector could span a whole sphere. Having this in mind, we analyze the C δ (t) curves obtained from the simulated trajectories by fitting a function of the form:
The constant C 0 is included to account for the fast (a few ps) relaxation of the molecular librations. The additive constant α is to capture the asymptotic limit of C(t). The relaxation time is calculated as τ
The orthorhombic crystalline structure at which the system was prepared remains stable up to a temperature of 197 K. The phase at temperatures immediately above 197 K corresponds to a semi plastic phase, where the PF 6 ion rotates freely. Indeed, in Figure 5A we show the relaxation times for the rotations of the anion as a function of the temperature, showing a clear breaking at the transition temperature. The two sets of relaxation times shown in Figure 5A , which contain essentially the same information, are originated from the calculation of the rotational self correlation function of a vector defined as the normal to the plane defined by three F atoms (black circles), or from the vectors defined by the PF bonds (red diamonds). The fit of the results using a stretched exponential function, Eq. (2), is very good with a correlation coefficient higher than 0.99 in every case. The asymptotic value α is statistically zero for all cases. In Figure 5B we plot the stretching parameter β of the fit as a function of temperature. Interestingly, this plot also shows a distinct change in behavior at the transition temperature. A single exponential relaxation does not capture the anion rotational relaxation. We interpret this result in terms of the highly anisotropic environment surrounding the anions, as shown in Figure 1 . Rotation about each one of the three main axes of PF 6 ions are affected in a different way and therefore the combination of all rotations cannot be described by a single exponential curve. The sudden change of the stretching parameter β at the transition temperature reflects the modification of the environment surrounding the anions in the warmer phase. As the temperature increases beyond 197 K, β monotonically increases approaching the exponential behavior as the system becomes more homogeneous. The equivalence of these two sets of measurements indicates that the molecular rotations are uncorrelated with the physical molecular bonds.
The onset of the semi plastic phase in the experimental work was not detected, and
Ref. [13] states that for T = 193 K the system is not rigid and some motion is present, in particular for the anions, due to negligible steric hindrance to the rotations of [PF 6 ] − . The experimental semi plastic phase (phase IV) extends up to 298 K. Phase IV is characterized by fast thumbing of the anion. These are indeed the characteristics of the model above 197 K as revealed by the rotation of the anion presented in Figure 5 . Therefore, the model predictions are in line with the experimental results for the lower temperature limit of phase IV.
In order to check the stability of the crystalline and semi plastic phases around 197 K we performed a simulation at 175 K, starting from a configuration corresponding to the semi plastic phase obtained at 200 K. On Figure 6 we show the time evolution of the density and enthalpy of the system, and a comparison of the radial distribution function between P and P3 at the end of the simulation together with the corresponding curves obtained from the initially crystalline system simulated at 175 K. The system clearly returns to the crystalline phase in a time of approximately 4 ns. This is indeed an interesting and remarkable outcome. Typically, MD simulations can describe systems undergoing a phase transformation to a state of higher entropy but lower free energy at a given temperature.
The inverse transformation is more difficult to capture. In this case, however, the fact that the overall structure of the system remains with crystalline order facilitates for the system the finding of a path towards the lower entropy state upon the decrease of the temperature.
The magnitude of the reduction of the temperature, which is the driving force for the phase change, has to be large enough so that the phase change is observable in MD times. In this case, we did not observe convincing signs of recrystallization in a similar simulation at 180
K.
The analysis of the rotational dynamics of the cation is more complex than the anion because of its larger size and intramolecular flexibility. In order to explore the origin of the long methyl relaxation times for 280 K < T < 340 K we investigate the self correlation function of the vector defined as the normal to the plane defined by the atoms CNW, CW1 and CW2. In Figure 8 we show τ * and α as a function of temperature. These curves show distinctive features around the transition temperatures, but no dramatic increment in the relaxation times. This behavior can be explained if the axis of rotation for the this group of atoms is nearly parallel to the slow rotational modes that are responsible for the large increase in the relaxation times of the methyl groups for 280 K < T < 340 K.
We turn now our attention to the innermost region of the molecule by monitoring the The onset of longitudinal rotations of the cation that we found at 280 K corresponds to the onset of the phase III at 298 K reported in the experimental study of Jin et al. [13] . The transformation to a full plastic phase at 340 K also agrees well the experimental Table III . While the smaller anion shows signs of diffusion at 400 K, the cation display a slow diffusive mode at 450 K. We interpret this onset of cation diffusivity as a signature for the melting of the system. It is not clear to us how to differentiate in a small system such as the simulated in this work, a solid with significant diffusion in all its components from the liquid state.
The structural changes occurring at high temperature are revealed by the pair distribution functions, g(r). For example, in Figure 11 we show the g(r) for the P-P, P3-P3 and P-P3
pairs at 425 K, 450 K, 475 K and 500 K. At 425 K there is a clear difference between the P-P and P3-P3 pair distribution function. However, as the temperature increases the two functions overlap, indicating that even though the two ions have quite different size they effectively occupy the same volume in the liquid state.
IV. DISCUSSION
The present study of [PF 6 ][P 1,2,2,4 ] is based on the CL&P force field, which was used with a charge rescaling α q = 0.8. The results show that the model systems transforms from a crystalline orthorhombic phase at low temperature to a semi plastic phase at 197 K and to a full plastic phase at 340 K. An intermediate regime is identified at 280 K and higher The prediction of the model are qualitatively in agreement with the recent experimental work of Jin et al. [13] . The overall picture unveiled from the series of experiments used in Ref. [13] is reproduced here with a simple, pair-additive, atomistic model. Although more sophisticated approaches are being considered, such as models with atomic polarizations [30] , the availability of a sufficiently good simple pair-additive model will allow the study larger systems including interfaces that are a very important factor determining the performance of many devices. To achieve quantitative agreement of an atomistic model with the experimental data, and therefore to be able to claim to have quantitative predictive power, is the ultimate goal for the simulation community. Nevertheless, this is a difficult objective and its achievement requires consistent efforts. This work was though, from the very beginning, as an effort towards the goal.
V. ACKNOWLEDGMENTS
The author acknowledges Dr. Pablo Serra from Fa.M.A.F., Universidad Nacional de Córdoba (Argentina), for enlightening discussions during the preparation of this paper.
VI. SUPPORTING INFORMATION AVAILABLE
Detailed description of the force-field parameters, examples of the cation rotational autocorrelation functions and the corresponding analysis method is presented in a separate file.
This information is available free of charge via the Internet at http://pubs.acs.org.
Supplementary Information
The CL&P force field, developed by Canongia Lopes and Pádua and extensively described in a series of papers (Refs. 14-18 of main paper) takes the functional form of the well known OPLS-AA (Ref. 19 of main paper) force field: atoms of different type is calculated using the combination rule σ ij = √ σ i σ j and ij = √ i j . In Table IV we summarize all the parameters used for the simulations and in Figure 12 the detailed structure of the molecular dimer, as well as the labels for the different atom types and their corresponding charges are displayed.
The Gromacs topology and configuration files are available upon request. 
ROTATIONAL DYNAMICS
Information of the dynamics of the system has been obtained using rotational self correlation functions, C(t) = δ i (t 0 ). δ i (t 0 + t) , of different characteristic vectors defined by two or three atoms depending on the case. When the vectors is defined along a molecular bond, like P3-CP1, two atoms are used to define the direction of the target vector. In other cases, the vector is defined as the normal to the plane defined by three atoms, like in the case of the CH 3 groups.
All the C(t) curves were analyzed in the same way: the raw data was fitted using a stretched exponential of the form:
Here, C 0 takes care of the sudden drop in the data due to the molecular librations, which decay in a few ps. The additive constant α accounts for the asymptotic value of C(t) that is different than zero in some cases where the rotations are limited to a region of the unit sphere. The relaxation time is then calculated as:
Internal Relaxation of P 1,2,2,4
The rotational self correlation functions involving the central P atom of the cation are shown in Figure 13 The rotational self correlation function of the vector defined by the CPW-CNW, shown in 
C(t)

